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ABSTRACT
Using a combination of optical and electrical measurements, we develop a model for metastable defects in Ag-alloyed Cu(In,Ga)Se2, one of
the leading thin film photovoltaic materials. By controlling the pre-selenization conditions of the back contact prior to the growth of poly-
crystalline (Ag,Cu)(In,Ga)Se2 absorbers and subsequently exposing them to various stresses (light soaking and dark-heat), we explore the
nature and role of metastable defects on the electro-optical and photovoltaic performance of high-efficiency solar cell materials and devices.
Positron annihilation spectroscopy indicates that dark-heat exposure results in an increase in the concentration of the selenium–copper
divacancy complex (VSe–VCu), attributed to depassivation of donor defects. Deep-level optical spectroscopy finds a corresponding increase
of a defect at Ev + 0.98 eV, and deep-level transient spectroscopy suggests that this increase is accompanied by a decrease in the concentra-
tion of mid-bandgap recombination centers. Time-resolved photoluminescence excitation spectroscopy data are consistent with the presence
of the VSe–VCu divacancy complex, which may act as a shallow trap for the minority carriers. Light-soaking experiments are consistent with
the VSe–VCu optical cycle proposed by Lany and Zunger, resulting in the conversion of shallow traps into recombination states that limit
the effective minority carrier recombination time (and the associated carrier diffusion length) and an increase in the doping density that
limits carrier extraction in photovoltaic devices.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5134502
I. INTRODUCTION
Thin-film photovoltaic (PV) cells based on the multinary chal-
copyrite semiconductors—e.g., Cu(In,Ga)Se2, CIGS—have achieved
power conversion efficiencies (PCEs) exceeding 23% (cell) and 17%
(module),1 and there is significant effort focused at both improving
the device performance and addressing stress-induced changes in
material properties (metastability) that limit device reliability. One
approach that has recently demonstrated promise is the partial
substitution of Ag for Cu, to form penternary (Ag,Cu)(In,Ga)Se2
(ACIGS) alloys, where the thin film alloy appears to exhibit good
miscibility, particularly, in compositions with less than 50% Ag
substitution.2 Ag substitution lowers the melting temperature of the
multinary chalcopyrite alloys relative to their Cu analogs,3 resulting
in reduced disorder (lattice defects) in as-deposited absorber mate-
rials.4 Depending on the precise absorber composition and process-
ing conditions, PV devices based on ACIGS have yielded improved
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PCE, primarily due to an increase in the open-circuit voltage of the
device.5 This approach has resulted in 20.56% efficient solar cells6
and (world record) 18.64% efficient ACIGS modules.1,7
While the precise chemical nature and electronic properties of
defects in CIGS semiconductors are a matter of debate,8,9 their
influence on the performance and metastability of photovoltaic
devices is generally accepted,10,11 and they are widely explored both
theoretically and experimentally. In particular, the selenium–
copper divacancy complex (VSe–VCu) has been hypothesized to
play a major role in the electronic properties of the absorber layer,
where according to Lany and Zunger, this defect complex is pre-
dicted to change charge state upon light-soaking from a shallow
donor to a shallow acceptor accompanied by a deep acceptor level
of ∼1 eV above the valence band.10 However, to our knowledge,
there have been fewer experimental studies linking the electronic
properties of ACIGS with defect-induced metastability.12
Here, we probe the influence of environmental stress
(dark-heat exposure at 85 °C for 1000 h and/or light-soaking under
simulated 1 sun AM1.5G illumination for 24 h) on the device per-
formance and charge carrier dynamics in penternary ACIGS
absorbers. Through control of the selenization conditions prior to
absorber growth and the application of a suite of experimental
techniques, we correlate the observed changes to the ACIGS trap/
defect properties. We show that dark-heat exposure increases the
concentration of VSe–VCu divacancies in the absorber layer, and
that for large concentrations of this defect, subsequent light-
soaking can have a detrimental effect on device performance, pre-
sumably originating from the light-induced metastability of this
defect. We show that the dark heat and light soak induced changes
in device performance are sensitive to the degree of selenization of
the back-electrode layer prior to absorber growth, consistent with
attribution of defect-mediated metastable material properties to
selenium vacancy-related defects. We employ positron annihilation
spectroscopy (PAS) to identify the VSe–VCu divacancy complex as
the dominant annihilation site in the absorber layer, and to reveal
increasing levels of this defect complex with dark-heat exposure.
We employ sub-bandgap time-resolved photoluminescence (TRPL)
excitation and deep level optical spectroscopy (DLOS) to identify
defect states located close to the conduction band edge, presumably
associated with the VSe–VCu divacancy defect. The density of these
states is increased by dark-heat exposure, whereas light soaking
results in their conversion to photoluminescence lifetime-limiting
recombination centers.
II. EXPERIMENTAL METHODS
A. Solar cell fabrication and stressing
Samples for analysis were prepared from full stack ACIGS
solar cells deposited by physical vapor deposition (PVD) in a
MiaSolé production roll-coater tool, where all films are deposited
sequentially on stainless steel foil in a series of interconnected
vacuum chambers.13,14 The Mo back electrode was selenized in the
PVD chamber prior to the deposition of the absorber layer at
either the same level as during growth of the nucleation layer,
referred to hereafter as “high Se” or at roughly 12% of that level,
referred to as “low Se.” The ACIGS samples under investigation
here include both Na and K, which are introduced via diffusion
from the Mo back electrode. The absorber layer (∼1.2 μm) is
sequentially covered with a CdS buffer layer (∼30 nm), a thin
intrinsic ZnO layer (∼100 nm), and a conductive ZnO layer (300–
400 nm), forming the transparent conducting oxide (TCO). For
solar cell fabrication, the full stack material from the roll-coater is
cut and slit into cells (136.5 cm2 area), which are finished with a
metal grid electrode attached to the top of the TCO layer. For
capacitance devices, circular Ni/Al top contacts were deposited via
e-beam evaporation on top of the TCO layer, followed by device
isolation via scribing a 2 mm2 circle around the top contacts.
The solar cells, capacitance devices, and full stack samples
were encapsulated either between a backsheet and a transparent
front barrier or between two transparent barrier layers for protec-
tion against moisture ingress during applied stresses. Light-soaking
(denoted LS24) was carried out under simulated 1 sun irradiation
and open circuit conditions for 24 h, with the module temperature
controlled at 55 ± 5 °C. Dark-heat (DH) exposure was carried out
at 85 °C for a duration of 1000 h (denoted DH1000). The following
stresses were applied sequentially: LS24, DH1000, LS24, where the
final light-soaked state will be denoted DH1000 + LS. Prior to PL
and PAS measurements, the samples were removed from the pack-
aging, and the TCO window and CdS buffer layers were etched to
expose the ACIGS surface.
B. Solar cell characterization
Light I–V measurements on the solar cells were carried out at
room temperature under simulated 1 sun illumination using
4-point probe measurements to extract open circuit voltage (Voc),
short-circuit current density (Jsc), fill factor (FF), and power con-
version efficiency. External quantum efficiency (EQE) measure-
ments were carried out on the solar cells at room temperature
under zero applied bias using a monochromator over the range of
400–1200 nm. Capacitance–voltage (CV) profiles were measured
using a Sula Technologies deep level transient spectroscopy (DLTS)
instrument at room temperature over a range from −1.8 V to
+0.5 V (completed within 1 ms) at 1MHz and were converted to
doping density depth profiles using the Mott–Schottky equation.13
C. Deep level transient and deep level optical
spectroscopy
Fully digital capacitance-based deep level transient spectro-
scopy (DLTS) and deep level optical spectroscopy (DLOS) measure-
ments were employed to characterize trap states in the ACIGS
absorber layer. Combined, DLTS and DLOS allow traps throughout
the ACIGS bandgap to be characterized. The DLTS system consists
of a LakeShore TTP4 probe station, Boonton 7200 capacitance
meter, Agilent 33220A function generator, National Instruments
data acquisition system, and custom software. For DLOS, a Quartz
Tungsten Halogen (QTH) lamp and monochromator are used to
illuminate the sample with monochromatic light. For DLTS, a 0.2 V
was applied during the 10 ms fill pulse and −1.0 V applied during
the transient measurement. For DLOS, a 0 V fill pulse for 10 s
and −1.0 V measurement pulse were applied. Full details of the
equipment, techniques, and analysis procedures can be found in
Refs. 15–18.
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The trap densities, Ntrap, probed by DLTS and DLOS were cal-
culated using
Ntrap ¼ 2NA  ΔCC0  Fcorr, (1)
where NA is the doping density at the measurement bias, ΔC is the
change in capacitance at the applied voltage, and C0 is the steady-
state capacitance at the measurement bias and temperature of the
peak. Fcorr is a correction factor based on the rate window times (i.e.,
the rate window only sees a fraction of the total change in capacitance
of the entire transient), where Fcorr = 3.07 for the DLTS and Fcorr = 1
for DLOS. Additionally, the “lambda correction” (a factor of ca.
3−4×) is also applied for the DTLS data and is described in more
detail in Ref. 15 This accounts for the fact that traps are not modu-
lated in the entire depletion region but only in the volume where the
traps are below the Fermi level in the fill bias and above the Fermi
level in the measurement bias. The DLOS trap (ca. 1 eV) does not
modulate during the DLTS experiment and the DLTS trap (ca. 0.6 eV)
is fully emitted before the DLOS trap was measured by waiting in the
dark for several seconds to allow the DLTS trap to emit.
D. Positron annihilation spectroscopy
Doppler broadening measurements of positron annihilation
radiation were performed with a variable-energy positron beam.
The positron implantation energy was varied between 5 and
25 keV, allowing depths of 0.1–1.2 μm of the absorber layers to be
probed. A high purity germanium (HPGe) detector with an energy
resolution of 1.2 keV at 511 keV was employed for determining the
energies of the annihilation photons. The integration windows for
the conventional S and W parameters were set to |pL| < 0.4 a.u. and
1.6 a.u. < |pL| < 4.0 a.u., respectively.
19 The full stack solar cell
samples were etched down to the absorber layer with HCl prior to
this measurement (TCO and CdS layers removed).
E. Steady-state optical spectroscopy
Excitation was provided by a 632.8 nm HeNe continuous wave
laser at varying powers. Emission spectra were collected with a
500 μs exposure time using a Newport MS260i spectrometer,
equipped with a 200 grooves/mm grating blazed at 1000 nm, and
an InGaAs photodiode array (Princeton Instruments PyLoN-IR).
F. Time-resolved optical spectroscopy
Excitation was provided by an optical parametric amplifier
pumped by a Yb:KGW laser with 1.1-MHz repetition rate and
pulse length of ca. 0.3 ps (Orpheus/Pharos, Light Conversion). A
multi-mode optical fiber was used to guide the excitation beam to
the sample. The light was focused at the sample with an aspheric
lens (New Focus 5724, numerical aperture NA 0.50), and the exci-
tation spot diameter was approximately 200 μm. The same lens/
fiber combination was used to collect the PL signal, which was
routed to the detector using a dichroic beam splitter. The TRPL
decays were recorded via time-correlated single-photon counting
(PicoHarp 300 TCSPC Module, PicoQuant) using a silicon single-
photon avalanche diode (Micro Photon Devices).
III. RESULTS AND DISCUSSION
In order to elucidate the role of selenium vacancy-related
defects on the material properties of the ACIGS absorbers, we pre-
pared samples with low and high pre-selenization conditions. The
level of selenization of the Mo back electrode can potentially
impact various critical aspects related to the absorber composition
within the solar cell, including (i) Se diffusion into the absorber
layer and consequential impact on the formation of defects related
to selenium vacancies (e.g., VSe or VSe–VCu), grain boundary prop-
erties, and stoichiometry of the absorber layer during various stages
of high temperature growth, and (ii) diffusion of the Na and K
alkali species, which are introduced into the absorber via out-
diffusion from the back electrode, and can interact with Se to form
sodium or potassium compounds with selenium, as evidenced in
secondary phases observed by electron dispersive x-ray spectro-
scopy in a scanning electron microscope (SEM-EDS),20 in addition
to their potential role in passivation of VSe or VSe–VCu defects.
Figures S1 and S2 (supplementary material) illustrate that the
selenization level applied to the back electrode prior to growth of
the absorber has little impact on the electronic bandgap
(Eg≈ 1.21 eV) of the ACIGS absorber, which differs by only a few
meV. The shape and position of the room-temperature steady-state
photoluminescence (PL) spectra, after excitation at 632.8 nm, of the
two materials is near identical.
A. Influence of environmental stress on ACIGS device
performance
Figure 1 shows light J–V parametrics for the high Se and low
Se samples at various stress states. It can be seen that dark heat
stress leads to a stronger reduction in open-circuit voltage, Voc, for
the high Se sample. This could be at least in part due to the stron-
ger reduction in doping with dark heat for the high Se condition
compared to low Se (cf. Fig. 2, vide infra). With subsequent light-
soaking after DH, namely, DH1000 + LS24, Voc at least partially
recovers for both pre-selenization conditions, where this recovery is
associated with increased doping concentrations to near LS24
levels. The fill-factor, FF, loss with dark heat is significant for both
low and high Se conditions. Current density–voltage–temperature
(JVT) measurements previously published for samples similar to
those studied here allow us to ascribe the FF losses with DH to an
increase of the in-stack barrier height (activation energy) poten-
tially resulting from a reverse-diode located either at the back elec-
trode or the CIGS/buffer interface.21 The observed FF loss is
partially reversible with a second LS24 treatment, consistent with
observed recovery of JVT characteristics. Finally, the short-circuit
current density, Jsc, is reduced for LS24 samples, most strikingly
after DH1000 + LS24 for the low Se condition. We hypothesize that
the DH1000 treatment results in an increase in the concentration
of VSe–VCu divacancy defects (vide infra), and attribute the
reduced Jsc after the light-soak to conversion of these defects into
shallow acceptors and deep Shockley–Read–Hall (SRH) recombina-
tion centers, due to the optical cycle proposed by Lany and Zunger.
Since the concentration of VSe–VCu divacancy defects is larger for
the low Se sample after the DH1000 treatment than the high Se
sample, the subsequent light soak results in a larger decrease in the
measured Jsc.
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Consistent with previous observations for CIGS devices,22
light soaking results in a reduction in the collection efficiency of
the ACIGS devices, as shown in Fig. S2 (supplementary material).
This is particularly evident for the low Se sample. In contrast,
dark-heat exposure DH1000 seems to recover the spectral response
of the initial (as-deposited) devices. However, the low Se sample
shows an even larger reduction in collection efficiency after subse-
quent light-soaking of the DH1000 state (referred to as
DH1000 + LS24).
Some observations regarding the effects of environmental
stress can be made from fast capacitance–voltage (C–V),23 which
provides information concerning the carrier doping density/profile
and depletion width in the ACIGS absorber layer. Figures 2(a)
and 2(b) illustrate that dark-heat exposure results in a reduction in
the carrier density and an increase in the depletion width, whereas
light soaking causes an order of magnitude increase in the carrier
density, with an associated decrease in the depletion width, particu-
larly for the low Se sample. The strong light soaking-induced
increase in doping density for the low Se sample and the associated
reduction in depletion width is the likely cause for the observed
reduction in the collection efficiency and Jsc, which is more severe
after DH1000. In the following, we aim to understand the reasons
for these light-soak induced changes by investigating the nature
and role of metastable defects in the absorber layer.
B. Defects in ACIGS absorbers
In order to gain a better understanding of semiconductor
defects and the role they play in determining the electro-optical
FIG. 1. The impact of light soaking (LS24) and dark-heat
exposure (DH1000) on the J–V parametrics extracted
from current–voltage measurements for solar cells pro-
cessed with low (left) and high (right) pre-selenization
conditions.
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properties of ACIGS absorbers, a number of experimental tech-
niques were employed.
Deep level transient spectroscopy (DLTS) measurements on
the low selenization sample before and after DH1000 exposure help
understand the effect of dark heat on the concentration of deep
traps. Figure 3(a) shows the DLTS spectra of the initial and
DH1000 samples. Both samples contain EV + 0.59 eV near-mid-gap
traps previously attributed to the CuM (M =Ga or In) antisite
defect,24 which are likely Shockley–Read–Hall (SRH) recombina-
tion centers.25 The concentration of EV + 0.59 eV traps probed by
DLTS is decreased by ca. 2× after DH1000 treatment from
1 × 1014 cm−3 to 5 × 1013 cm−3. The lowering of the midgap trap
concentration upon annealing is consistent with the increase in
measured lifetime by TRPL after dark heat exposure (vide infra)
and is likely associated with reduced atomic disorder from anneal-
ing, leading to a reduction of CuM (M = Ga or In) substitutional
defects.26 The observed reduction in Voc with DH1000, which we
attribute to a decrease in carrier concentration, occurs despite this
reduction in midgap defects.
To characterize the traps located in the upper half of the
bandgap, deep level optical spectroscopy (DLOS) measurements
were employed. Figure 3(b) shows the DLOS spectra of low Se
samples before and after dark heat exposure. DLOS spectra show an
onset at EV + 0.98 eV, which is typically observed for CIGS
17 and is
consistent with the observed broad defect excitation band measured
using TRPL (Fig. 5). The concentration of the EV + 0.98 eV trap
measured by DLOS increased by ca. 1.5 × 1015 cm−3 after DH1000,
consistent with the observed increase in PL intensity of the broad
absorption between 0.85 and 1.08 eV (Fig. 5).
Positron annihilation spectroscopy is a versatile tool for
studying vacancy-type defects in semiconductors, with selective
sensitivity to neutral and negatively charged centers. The Doppler
broadened spectrum of the positron-electron annihilation radiation
peak is analyzed in terms of S and W parameters.27,28 The S
parameter is the fraction of counts in the central region of the anni-
hilation peak and depends predominantly on the open volume of
the vacancy.19,28 The W parameter is the fraction of counts in the
wing areas on both sides of the peak, which depends on the open
volume of the defect and on the chemical nature of the surround-
ing atoms.19,28 The S parameter is associated with the vacancy
concentration, while the ratios of the S and W parameters for
the vacancy defect with respect to the bulk crystal, commonly
referred to as R = ΔS/ΔW, or the defect specific parameter, indicates
the nature of the defect.19,28 Here, ΔS and ΔW are defined as
changes from annihilation in a localized state in a vacancy defect
(Sv, Wv) compared to annihilation in the delocalized state (called
bulk) in the lattice (Sb, Wb), namely, R = |(Sv–Sb)/(Wv–Wb)|.
By analyzing the S and W parameters at different positron
implantation energies, the vacancy defect depth profiles can be
obtained, and their concentrations determined when in the range
of 1 × 1015–1 × 1019 cm−3. In this study, the implantation energy
was varied from 5 to 25 keV, which roughly corresponds to mean
implantation depths in the range of 0.1–1.2 μm. For further details
of the method and analysis approaches, see Ref. 19.
Previous positron annihilation studies have identified VSe–VCu
divacancies as the dominant positron traps in CIGS absorber mate-
rials and have identified the fingerprints for these defect species.28
The data presented in this work are analyzed according to the find-
ings in Ref. 28. The S–W plot for the high and low pre-selenization
samples in the initial and DH1000 states is shown in Fig. 4(a). A
data point is shown for bulk CIGS, which is the weighted average
of (S,W) values measured in CIS and CGS bulk crystals grown by
the Bridgman method, described in detail in Ref. 28, weighted
according to the stoichiometry CuIn1−xGaxSe with x = 0.4 for the
FIG. 2. The impact of light soaking (LS24) and dark-heat exposure (DH1000)
on the doping profile of ACIGS samples for (a) low and (b) high pre-selenization
conditions. The symbols in (a) and (b) indicate the apparent carrier density and
depletion width at zero bias.
FIG. 3. The impact of dark-heat exposure (DH1000) on the (a) DLTS spectra of
the 80 s−1 rate window and (b) room temperature DLOS spectra for the ACIGS
sample with low selenization. The trap concentration is identified by the peak
height and trap energy is calculated by the onset of the steady-state DLOS
signal.
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samples in this study. The dashed lines connecting the CIGS data
points from our samples to the reference CIGS bulk crystal value
indicate a range of R values spanning from R = 1.8 (for the lowest S
value) to R = 2.8 (for the highest S value). Similar to observations
for CGS and CIS samples, the values of R observed here for ACIGS
are between R(VZn) = 4.8 for cation vacancies and R(VSe) = 1.2 for
anion vacancies in ZnSe, which is structurally very similar to
CIGS.27,28 As suggested previously, this indicates a vacancy defect
in ACIGS with a mixed nature of both cation and anion vacancies,
pointing to the VSe–VCu divacancy as the dominant defect respon-
sible for positron trapping in these samples.
The S parameter increases from the initial to DH1000 state for
both “high” and “low” pre-selenization conditions, indicating that
additional VSe–VCu divacancies are created with dark heat expo-
sure. Additionally, the increase for the low pre-selenization sample
is dramatically larger than for the high pre-selenization, suggesting
that the Se deficiency results in the generation of more divacancies
with dark heat. This can be seen more clearly in Figs. 4(b)
and 4(c), where the S parameters are plotted as a function of posi-
tron implantation energy over the range of 5–25 keV. The diva-
cancy concentrations increase with dark heat, with the effect being
even more significant for the low pre-selenization sample, over the
probed thickness of the absorber (∼1.2 μm). A recent study of the
effects of stress-induced changes in CIGS photovoltaic devices
suggests that DH1000 treatment results in a reduction in the Na
content within the absorber,29 which could lead to depassivation of
VSe–VCu divacancy complex donors (i.e., an increase in their
density), consistent with early observations of the influence of Na
from a thin NaF layer deposited prior to the CIGS absorber.30 In
addition, the VSe–VCu divacancy defect density is larger near the
front interface of the absorber, when the positron implantation
energy is the lowest. It should be noted that we have removed from
the plots the data from below 5 keV where the back-diffusion of
positrons to the surface dominates the data, and the shown depth
evolution are characteristic of the layer. This aspect is further inves-
tigated in Sec. II D using depth-dependent minority carrier lifetime
measurements. In Sec. II E, we show that divacancy complexes
can be electron traps and might be related to traps identified in
TRPL analysis.31–33
Next, we consider the photoluminescence properties of defect
states identified with DLOS and PAS. Detection of PL is typically
only possible for shallow defects, which can have sufficient radiative
efficiency. Neither Ev + 0.56 eV nor Ev + 0.98 eV defects have PL
emission signatures. To partially overcome this limitation, we employ
TRPL excitation spectroscopy, which uses tunable optical excitation
to directly excite defect states within the bandgap. After electron
detrapping to the conduction band, we measure bandgap PL emission
to record the “Ev + 0.98 eV defect” absorption spectrum.
34
Figure 5 shows PL excitation spectra for the “low Se” and
“high Se” ACIGS samples. This defect band is located close to the
energy observed in Ref. 34 for a CIGS absorber material with a
slightly lower bandgap (Eg≈ 1.11 eV), suggesting that the chemical
nature of the defect is similar. For the CIGS absorber in Ref. 34, we
attributed this defect to the VSe–VCu divacancy complex based on
first-principles calculations for the defect density of states. The
experimental evidence from PAS, Fig. 3, qualitatively supports this
assignment for the ACIGS absorber studied in this paper. We
observe an increase in the intensity of the defect excitation peak
after dark-heat exposure (DH1000), which indicates higher VSe–
VCu divacancy density after stressing, consistent with the increase
in the S parameter in the PAS data.
C. Depth-dependent carrier dynamics
Interface and bulk defects can have different impact on recom-
bination losses. PAS data in Fig. 4(b) indicate depth-dependent
VSe–VCu divacancy density, and in this section, we investigate
FIG. 4. The impact of dark-heat exposure (DH1000) on (a) the (S, W) parameters and (b) and (c) S parameter plotted against positron implantation energy (5–25 keV) for
low and high pre-selenization samples. The energy range of 5–25 keV corresponds to a mean implantation depth range of 0.1–1.2 μm according to Ref. 28.
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depth-dependent carrier lifetimes from variable-excitation-wave-
length TRPL.
While the impact of silver alloying on the optical bandgap of
ACIGS has been published,5,35 to our knowledge, the wavelength-
dependent absorption coefficients for ACIGS absorbers are not
well-known. For Ag/(Ag + Cu) < 0.2, the bandgap is quite close to
the equivalent Cu-only material,35 allowing us to use the estab-
lished absorption coefficients for CIGS36 to estimate that above
bandgap excitation at 450 nm and 640 nm results in carrier genera-
tion within approximately 50 nm and 250 nm of the front interface,
respectively. In contrast, sub-bandgap excitation (where the esti-
mated absorption coefficient is >1000 times smaller) results in
near-uniform carrier generation throughout the entire 1.2 μm
thickness of the ACIGS absorber. Within the framework of defect-
mediated TRPL decay times described above, the ability to manipu-
late the carrier generation profile by varying the excitation wave-
length allows us to probe the depth-dependent defect/trap
distribution within the absorber layer.
Figures 6(a) and 6(b) show representative TRPL decays for
excitation at 450 nm, 640 nm, 1180 nm, and 1260 nm for the “low
Se” ACIGS samples, illustrating the impact of different carrier gen-
eration depths and DH1000 exposure. For above-bandgap excita-
tion (450 nm and 640 nm), there is a distinct short decay
component that we attribute either to carrier capture in traps or
carrier redistribution within the absorber layer, similar to previous
studies for CIGS.37 In contrast, as shown in Fig. 5 (vide supra), sub-
bandgap excitation (1180 nm or 1260 nm) results in direct popula-
tion of the defect states close to the conduction band. This, coupled
with the more uniform excitation profile, explains the absence
of a fast decay component for this measurement condition.
An exponential decay model was assumed for the slow time
component, and the TRPL decay times that correspond to indi-
cated measurement conditions are shown in Figs. 6(a) and 6(b).
Before DH1000 exposure, decay times range from 13 ns (sub-
bandgap excitation at 1180 nm or 1260 nm) to 19 ns (640 nm).
After DH1000, the measured TRPL decay times increase by a factor
of ca. 2.5, for both sub-bandgap excitation and above-bandgap
excitation. For the “high Se” ACIGS sample before DH1000 expo-
sure, the TRPL decay times range from ca. 13 ns (sub-bandgap
excitation at 1180 nm or 1260 nm) to 16 ns (640 nm). After
DH1000, the bulk sub-bandgap excitation decay time stays in the
same range, 14–15 ns. In contrast, much larger changes are
observed for 450 nm (59 ns) and 640 nm (64 ns) excitation. As we
show in Sec. II E, this increase in TRPL decay times after dark heat
treatment can be attributed to minority carrier (electron) trapping
and/or a reduced SRH defect density. Depth-dependent TRPL
decay times (Fig. S4 in the supplementary material) indicate that,
in high-Se absorbers, the impact of dark heat predominantly occurs
near the front interface.
FIG. 5. The impact of dark-heat exposure (DH1000) on the sub-bandgap PL
excitation spectra for the (a) low Se and (b) high Se ACIGS samples. The
symbols are data extracted from the TRPL data following sub-bandgap excita-
tion. The dashed lines are the low-energy tails of the steady-state PL spectrum,
following excitation at 632.8 nm. The solid lines are a guide to the eye, to high-
light the broad sub-bandgap defect absorption between 0.85 and 1.08 eV.
FIG. 6. Excitation wavelength-dependent TRPL decays for (a) initial and (b)
DH1000-exposed ACIGS absorbers for the low pre-selenization condition, along
with the PL lifetimes extracted from single-exponential fits. (c) and (d) represent
the same data as (a) and (b) in the first 10 ns.
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As summarized above measurements for “low Se” absorbers
indicate ca. 2.5 times increased TRPL lifetimes with DH1000, irre-
spective of the depth profile of the excitation. These observations
suggest that minority carrier traps/recombination centers are dis-
tributed throughout the absorber, consistent with the VSe–VCu
divacancy density directly measured with PAS (Fig. 4). In contrast,
DH1000 has little impact on the measured sub-bandgap excitation
lifetimes of the “high Se” in the bulk of the absorber layer, whereas
the lifetimes for excitation at the front interface increase by a factor
of ca. 4. This observation is consistent with a lower bulk density of
defects related to selenium vacancies, since the high-Se absorbers
are fabricated with additional selenization near the back contact
(as described in Sec. II A).
D. Discussion of carrier dynamics
Here, we concentrate on the “low Se” sample, primarily
because observed changes in device performance are larger for this
sample. Assuming that the radiative recombination coefficient, B,
of ACIGS is similar to that for CIGS (ca. 1.67 × 10−10 cm3 s−1),38,39
and a net acceptor concentration (determined by fast C–V),
NA = 2 × 10
15 cm−3 (Initial) and 1 × 1015 cm−3 (DH1000), we esti-
mate radiative lifetimes, τrad = 1/(B ×NA) = 3.0 μs (Initial) and
6.0 μs (DH1000). This radiative lifetime decreases to >100 ns for
the light-soaked samples, where NA≈ 4−6 × 1015 cm−3. These life-
times exceed the measured TRPL decay times, suggesting that the
carrier dynamics are determined by non-radiative decay processes.
In the simplest case, we assume that minority carrier trap-
ping/detrapping plays no role in the observed decay kinetics, and
that the long TRPL decay time can therefore be attributed to SRH
recombination (i.e., τdecay = τSRH). Under these circumstances, the
SRH recombination times, τSRH, are ca. 15.4 ± 3.3 ns (Initial) and
40 ± 10 ns (DH1000). Using the range of published electron
capture cross sections of CIGS (1.0−50 × 10−14 cm2),31,37,40,41
we estimate the density of SRH recombination centers to be in
the ranges ca. (0.03−1.5) × 1014 cm−3 (Initial) and ca. (0.01
−0.6) × 1014 cm−3 (DH1000). The densities of midgap states
extracted from DLTS measurements (Fig. 3) for these two samples
lie closer to the upper limit of these ranges, which would be consis-
tent with a smaller electron capture cross section at the recombina-
tion center. For samples exposed to simulated 1 sun irradiation
for 24 h the TRPL decay time is reduced to ca. 5 ± 0.5 ns (Fig. S6;
supplementary material), indicating a shorter SRH recombination
time and consistent with an increase in the SRH recombination
center density.
In contrast, more complex kinetic models have been developed
that incorporate the effects of carrier trapping/detrapping processes
at defect states close to the conduction band,32,33 including some
that consider energetic and/or spatial distributions of defect
states.37,41 These models suggest that the long decay time observed
by TRPL can either be attributed to SRH recombination (as in the
simple picture described above) or by the characteristic time for the
SRH recombination process modified by electron capture and
release from the defect states, τdecay = (τe/τc) × τSRH. In the latter
case, the estimated carrier capture (τc) and emission (τe) times for
the ca. 0.2 eV trap would be ca. <0.4 ns and 5.0 ns, respectively.
When trapping is significant, the SRH recombination time would
be a factor of ca. >10 shorter than estimated above and, for the
same range of electron capture cross sections at defect states within
the bandgap, this would lead to an increase in the estimated SRH
recombination center densities by a factor of >10.
The observed changes in the TRPL decay kinetics are
consistent with a modulation of the equilibrium between near-
conduction band defects and deeper SRH recombination centers,
via either dark-heat (DH1000) or light-soaking (LS24) treatments.
While our current data do not allow us to conclusively connect our
experimental observations to the VSe–VCu divacancy complex, our
observations are consistent with the changes in the density of the
VSe–VCu divacancies after DH1000 (cf. PAS data; Fig. 4) and the
anticipated light-induced conversion of shallow defects into deeper
defects predicted by the VSe–VCu optical cycle proposed by Lany
and Zunger [Fig. 7(b)]. Future studies will focus on absorbers with
better controlled density of the metastable divacancy centers and
will explore the more complex defect state models.
Here, we note that the similar TRPL decay times for the Initial
samples (Fig. S4 in the supplementary material) are consistent with
similar SRH recombination and trap densities in the “high Se” and
“low Se” samples. However, the insensitivity of sub-bandgap excita-
tion lifetimes of the “High Se” sample to DH1000 suggests that the
additional Se at the back contact prevents or reduces the extent of
donor defect depassivation in the bulk. In contrast, the much
longer lifetimes for the above-bandgap excitation after DH1000
suggest that the dark heat treatment has a much greater impact
on the near-surface defect properties for high pre-selenization
conditions. These observations suggest that control over the pre-
selenization conditions and Na content provides a material process-
ing strategy to control VSe–VCu divacancy defects and trap densities
in ACIGS and related absorbers.
FIG. 7. (a) Kinetic scheme for photoinduced carrier dynamics in ACIGS absorb-
ers, illustrating (1) capture (emission) of carriers to (from) a shallow defect near
the conduction band, (2) SRH recombination via a deep, midgap defect state,
and (3) band-to-band radiative carrier recombination. (b) Cartoon illustrating the
effects of dark-heat (DH) treatment and light soaking (LS) on the equilibrium
between metastable defect VSe−VCu divacancy configurations in ACIGS absorb-
ers, adapted from Ref. 10. The orange arrow indicates optical excitation of the
donor VSe−VCu divacancy defect configuration, which can interconvert to the
acceptor VSe−VCu divacancy defect configuration.
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IV. CONCLUSIONS
We investigated the impact of metastable defects on the electro-
optical properties of polycrystalline (Ag,Cu)(In,Ga)Se2 (ACIGS)
absorbers and devices. Through changes in the pre-selenization
levels of the back electrode layer, we are able to determine that the
dominant defects in the ACIGS absorber are associated with the
metastable VSe–VCu divacancy complex. Exposure of the samples
to dark-heat (DH1000) appears to result in depassivation of these
VSe–VCu divacancies, resulting in an increase of the defect density
measured by positron annihilation spectroscopy. The DH1000 treat-
ment also causes an increase in near-conduction band defects, as
determined by deep-level optical and time-resolved photolumines-
cence excitation spectroscopy, along with a decrease in the net accep-
tor concentration and density of midgap SRH recombination
centers, as determined by deep-level transient spectroscopy. These
changes in defect traps and recombination centers manifest them-
selves as an increase in the observed time-resolved photolumines-
cence decay time. Light-soaking under simulated 1 sun AM1.5G
illumination for 24 h results in an increase in the doping density and
associated reduction in the width of the depletion region. These
effects manifest themselves as a reduction in the spectral response
and short-circuit current density of the devices. This is particularly
evident for the low pre-selenization condition, whereas the effects in
the high pre-selenization sample are less pronounced. These results
point to careful control of the selenization conditions as a method to
manipulate the VSe–VCu divacancy density and the resulting electro-
optical properties and device performance.
SUPPLEMENTARY MATERIAL
See the supplementary material for the impact of the seleniza-
tion level on the electronic bandgap, the impact of environmental
stress on the spectral response of the photovoltaic devices, and a
summary of the time-resolved photoluminescence decay lifetimes.
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